14. Above 500°C, the oxygen isotope fractionation between water and plagioclase is Ͻ1 per mil [Y. Colloidal particles can form unexpected two-dimensional ordered colloidal crystals when they interact with surfactants of the opposite charge. Coulomb interactions lead to self-limited adsorption of the particles on the surface of vesicles formed by the surfactants. The adsorbed particles form ordered but fluid rafts on the vesicle surfaces, and these ultimately form robust twodimensional crystals. This use of attractive Coulomb interaction between colloidal particles and surfactant structures offers a potential new route to selfassembly of ordered colloidal structures.
The self-assembly of colloidal particles is a promising route to materials synthesis that combines considerable flexibility in the choice of materials with the opportunity to create highly ordered structures on length scales from nanometers to micrometers. Self-assembled structures can form resilient coatings, templates for growth of ordered micro-and nanoporous materials (1), and even photonic devices (2-4). Self-assembly depends critically on thermal energy; the resultant motion allows particles to attain the optimum positions to create desired highly ordered structures. To exploit thermal motion, great care must be taken in controlling the interaction energies between the particles themselves and between the particles and their surroundings. Thermally induced self-assembly typically requires repulsive or only very weakly attractive interactions. Strong attraction usually leads to the formation of highly disordered aggregates, rather than ordered colloidal crystal structures. Because of this, attractive Coulomb interactions, which are strong on thermal scales, are usually not effective in producing self-assembled, ordered structures. Thus, for example, when charge-stabilized colloidal particles are mixed with surfactants of the opposite charge, they typically destabilize and form disordered fractal aggregates (5) because the surfactant binds Coulombically to the particles. This process makes their surfaces hydrophobic and leads to strongly attractive interparticle interactions.
Because of this expectation of destabilization, few studies of mixtures of particles and oppositely charged surfactants have been reported. However, surfactants can self-assemble into a rich array of structures, and the possibility of the interaction of these structures with the oppositely charged colloidal particles is ignored in the disordered-aggregate scenario. Indeed, recent studies of mixtures of positively charged lipids with negatively charged DNA have shown that highly ordered structures can ensue (6, 7) .
We report the unexpected formation of large colloidal crystals when aqueous chargestabilized polystyrene latex particles are combined with a mixture of an oppositely charged and a neutral surfactant, which self-assemble into vesicles. Surprisingly, exclusively twodimensional (2D) colloidal crystals are formed. Coulomb attractions cause the adsorption of particles onto the vesicle surfaces, which mediate the formation of 2D crystals. We propose a model that accounts for the observations made during several steps in the sequence resulting in the 2D crystals. This new route to self assembly may serve as a template for the synthesis of novel ordered structures.
We used a mixture of two surfactants: didodecyldimethylammonium bromide (DDAB), a cationic, double-chained amphiphile, and polyoxyethylene (9-10) p-tert-octyl phenol (Triton X-100, or TX), a nonionic, singlechained amphiphile. These surfactants have similar areas per polar head group (0.6 nm 2 ) and similar critical micelle concentrations (cmc) (8) . Above the cmc, DDAB alone self- assembles into bilayer vesicles (9), whereas TX alone forms micelles (10) . We varied the molar fraction, x, of TX in the mixture; at small x, we expected TX to be incorporated into DDAB vesicles; at high x, we expected DDAB to be incorporated into TX micelles, and at intermediate x, we expected vesicles of DDAB mixed with TX, with the excess TX in micelles. To enhance vesicle formation, we often added a cosurfactant, octanol, in a fixed ratio of 0.35 by weight to the TX; this increased the range of x for vesicle formation (11) . Sonicating for 30 min led to the formation of vesicles that ranged from one-tenth to several micrometers in diameter. To such a mixture, we added negatively charged polystyrene latex spheres (12) at volume fractions of about 0.5%. We observed the resultant structures with optical microscopy, using both phase and differential interference contrast.
When the total surfactant concentration was less than the cmc, the particles remain totally dispersed for all values of x. When the surfactant concentration was increased above the cmc, the particles still remained completely dispersed for x ϭ 1, when only the nonionic TX was present. In contrast, at x ϭ 0 (cationic DDAB the only species present above its cmc), large, disordered aggregates were observed. Completely unexpected behavior was observed for surfactant concentrations above the cmc and at intermediate values of x (13); large, ordered colloidal crystals formed ( Fig. 1 ) that were always 2D and consisted of a single layer. Three-dimensional crystals were never observed. The crystals typically contained several hundred particles and possessed a few defects, such as vacancies, disclinations, or grain boundaries.
The crystals were very robust. They were not destroyed when the sample was diluted, indicating that they were not stabilized by a depletion interaction. They also were not destroyed by subjecting them to strong forces induced either with flow, with distortion by indenting the microscope slide near the crystals, or by pulling on one of the particles with laser tweezers. In addition, despite their 2D character, the crystals did not form through interactions at interfaces. They existed as large objects floating freely in the solvent, and they formed equally well in different sample containers and when no interfaces with air were present. Instead, these crystals originated from interactions between the colloidal particles and selfassembled surfactant structures within the fluid.
Coulomb interactions play a critical role in the formation of these crystals. In all of the cases investigated, the total charge in the surfactant was always greater than the total surface charge on the particles when crystals were formed. The particles in the crystals were completely covered by surfactant. This observation was confirmed by adding a fluorescent tag (14) that allowed us to identify the precise location of the surfactant, using a laser-fluorescence scanning confocal microscope. In the absence of particles, the fluorescent tag allowed us to identify the vesicles themselves. We show two slices through a 3D image of a crystal (Fig. 2) that were separated by a depth corresponding to the radius of the particles and were fluorescently imaged. In the lower slice ( Fig. 2A) , the rings are the images of the dye around the edge of the particles, and in the upper slice (Fig. 2B) , the round spots are the images of the dye on the top of exactly the same particles. These images show that the particles are completely covered by the surfactant; however, we are unable to determine the thickness of this coverage, because this is below the resolution of the confocal microscope.
Why do 2D rather than 3D crystals form? We investigated the structures initially produced when the particles are first added to the surfactant mixture. At this point, there are many isolated particles and small aggregates of two or three particles. In addition, some larger vesicles are partially covered with a single layer of particles, as shown in Fig. 3 , A and B. Typically, less than half the surface area of the vesicle is covered with particles. Interestingly, no additional particles adhered to the bare surface, nor were any of the adsorbed particles ever observed to leave the surface; the adsorption is self-limited. However, once adsorbed, the particles still diffused on the vesicle surface, indicating that the surface was still fluid. Furthermore, the adsorbed particles collected together to form "rafts," which suggests that a weak attractive interaction exists between the particles; this behavior could be caused by the reduction in the fluctuations of the membrane due to the presence of the particles (15). There remains a short-range repulsive interaction, which, at least initially, stabilizes the particles; this is confirmed by digitizing images of the rafts and calculating the pair correlation function for the particles, which is liquid-like, with its first peak occurring at the particle diameter (Fig. 4) . This indicates that the particle size sets the interaction range. Video tracking of the particle positions shows that their meansquare displacement initially increased linearly with time, as expected for diffusion; however, their maximum displacement was constrained by their neighbors.
Initially, the rafts of particles remained highly disordered (Fig. 3A) . At longer times, they became increasingly ordered (Fig. 3B) . Ultimately, the particles would stick permanently to one another and formed robust 2D crystals that could then detach from the vesicles. These observations imply that the sequence of events leading to the formation of these unusual 2D crystals is (i) Coulombic adhesion of particles onto vesicle surfaces, (ii) mutual attraction of the particles on the surfaces, and (iii) fusion of the bilayers on each particle to form the robust colloidal crystals.
We propose a model that accounts for the initial adsorption of the negatively charged colloidal particles on the positively charged vesicles. These vesicles may initially not be completely tense and spherical. The Coulomb attraction causes particles to stick to vesicles with at least a fraction of their surface in close contact with vesicular membranes. The positive vesicle charges neutralize negative particle charges, which release their associated counterions and allow them to escape. However, because the interior is enclosed, counterions cannot escape from within the vesicle; nevertheless, they can migrate laterally to a portion of the vesicle not in contact with particles where they can neutralize an exterior vesicle charge and allow its counterion to escape (16 ). In addition, because the membrane is composed of a mixture of neutral and charged surfactants, demixing can occur, enriching the charged surfactant in regions of the surface covered with particles. The result is the total neutralization of particle charge in contact with membrane. Moreover, the lateral charge migration can reverse the charge elsewhere on the membrane and prevent further particle adsorption (16). Thus, the adsorption is selflimited; this accounts for the observation of vesicles partially covered by "rafts," with no further particle adsorption. Detailed calculations (16) support this scenario.
Although the Coulomb interaction sets the membrane area in contact with particles, A 1 , it does not determine the number of adsorbed particles, N. There could be a small number of particles completely covered with membrane or a large number of particles only partially covered with membrane. Instead, once A 1 is fixed, N is determined by constraints on the total vesicle area available for particle contact and by the existence of a line tension ⌫ for interfaces that separates charge-rich surfactant regions in particle contact and charge-depleted regions not in particle contact. Line tension disfavors interfaces and thus favors having all of the particles completely covered, which could leave zero interfacial length (Fig. 5) . Therefore, in the absence of other effects, there would be N ϭ A 1 /4r 2 particles of radius r adsorbed on a vesicle of area A. This value of N cannot always be reached; for example, it is impossible for a tense spherical vesicle, with volume V ϭ 4/3R 0 3 and area A 0 ϭ 4R 0 2 , to wrap more than an infinitesimal area of each particle without rupture. Thus, in this limit, a large number of particles is needed to reach a total adhering area of A 1 . More generally, N is determined by both A 1 and the vesicle area excess, ⌬ ϭ A Ϫ 4R 0 2 . If ⌬ Ͼ A 1 , there will be N ϭ A 1 /4r 2 completely wrapped particles, and because not all of the excess area has been used, the resultant vesicle will be flaccid. Consistent with this model, we observed some flaccid, particle-covered vesicles (Fig. 3C) . If ⌬ Ͻ A 1 , there will be N ϭ A 1 2 /(4r 2 ⌬) partially covered particles (Fig. 5) adsorbing all excess area, and the resultant vesicle will be tense. Consistent with this model, we observed some tense, spherical vesicles that are partially covered with particles (Fig. 3, A and B) ; it is only these tense vesicles that produce 2D colloidal crystals.
This surface-mediated crystallization on vesicles combines surfactant structures with Coulombic attraction. A wide variety of other self-assembled surfactant structures can be formed, and many of these may also lead to novel routes to colloidal crystallization. In addition, the attractive interactions and the dynamics of the particles on the surface of vesicles provide a convenient means of studying the behavior of particles adsorbed on fluid membranes; this may provide a useful model system for the study of other biologically important structures such as the properties of proteins on cell membranes (17). Finally, these interactions between colloidal particles and surfactant structures provide a novel form of colloidal crystallization that may find important applications in the use of colloidal particles as templates for new structures. Fig. 4 . Pair correlation function, in arbitrary units, for particles on the surface of a vesicle. The peak occurs at the particle diameter, indicating that there is only a very short-range repulsive interaction between the particles. figure) is a ϭ 2r 2 (1 -cos␣) so that the fractional area covered is ϭ (1 Ϫ cos␣)/2 Յ 1. The length of the interface that separates charged membrane in particle contact from less-charged membrane not in particle contact is C ϭ 2rsin␣. The total area covered by N particles wrapped in this way is 4r 2 N and is equal to A 1 . The excess membrane area used by each particle is the difference between a and the area r 2 sin 2 ␣ of the circular cross section at angle ␣. Thus, the total excess area used by N particles is 4r 2 N 2 , which is equal to the total available excess area, ⌬, when ⌬ Յ A 1 , that is when Յ 1. When ⌬ Ͼ A 1 , not all excess membrane area is used to wrap particles, and all of the particles are completely engulfed ( Reports of estrogen synthesis in the fetal ovaries of several species suggest the involvement of the estrogen signaling system in ovarian development (1) . Insights into the physiological roles of estrogen have been gained from the study of mice lacking the capability to synthesize either estradiol (ArKO mice) (2) or one of the two cognate estrogen receptors (ERs) ER␣ (␣ERKO) and ER␤ (␤ERKO) (3). However, conclusions drawn from these mutant mice are confounded by possible compensatory mechanisms provided by (i) the opposite ER in each respective ERKO mutant or (ii) maternal estrogens during gestation or estradiol-independent ER actions in the ArKO mutant, or both. Therefore, to further elucidate the role of estrogen signaling in reproductive tract development and function, mice homozygous for a targeted disruption of both ER genes (Estra and Estrb), termed ␣␤ERKO mice, were generated (4). Adult (2.5 to 7 months) ␣␤ERKO mice of both sexes survive to adulthood and exhibit no marked abnormalities as compared to control littermates, thereby challenging earlier speculations that the ER is essential to survival (5). ␣␤ERKO males are infertile but possess a grossly normal reproductive tract, in agreement with past evidence that estradiol is unnecessary for the development of male gonads and reproductive structures. The testes of adult (2.5 to 7 months) ␣␤ERKO males exhibited various stages of spermatogenesis, yet the numbers and motility of epididymal sperm were reduced by approximately 80 and 5%, respectively (Fig. 1) . This phenotype is similar to that of the ␣ERKO male and is therefore characteristic of the loss of ER␣; it does not occur in ␤ERKO males, which exhibit normal fertility (3) and sperm counts (Fig. 1E) . The ␣␤ERKO testicular phenotype also does not resemble that reported in ArKO mice, which exhibit arrested spermatogenesis but no ␣ERKO-like tubule dysmorphogenesis (2) . This discrepancy between male mice lacking estradiol and those lacking both ERs suggests the existence of undocumented aromatase-or ER-encoding genes or estradiolindependent ER actions within the male reproductive tract (or both).
In agreement with classical fetal castration studies indicating that differentiation of the female genital ducts is independent of ovarian steroids (6), ␣␤ERKO females exhibit proper differentiation of the Müllerian-derived structures (the uterus, cervix, and upper vagina). The functional uterine compartments are present in the uteri of ␣␤ERKO females, yet the dependency of each on estradiol for postnatal growth is definitively illustrated by their severe hypoplasia in adult (2.5 to 7 months) ␣␤ERKO females (Fig. 2, A and B) . Similar uterine hypoplasia occurs in ␣ERKO but not in ␤ERKO females (3), which corresponds to reports of ER localization and is characteristic of the loss of Morphological and functional phenotypes of the ␣␤ERKO male reproductive tract. Testes were fixed overnight in cold Bouin's fixative, passed through several changes of cold water over 2 days, transferred to cold 50% ethanol for 24 hours, and then immersed in cold 70% ethanol until paraffin embedding. Shown are 5-m sections stained with hematoxylin and eosin (H&E). Low-power magnification of a testis from a representative age-matched (A) control male and (B) an ␣␤ERKO adult male (2.5 to 7 months) illustrates the luminal swelling and loss of germinal epithelium of the seminiferous tubules in the ␣␤ERKO testis, which is most evident along the region indicated by the arrowed bracket. High-power (ϫ66) magnification of the caudal epididymis of a representative (C) wild-type male and (D) of an ␣␤ERKO adult male illustrates the reduced density of the sperm population in the ␣␤ERKO male. (E) Epididymal sperm counts carried out as previously described (25) on males Ն100 days old indicate the significant reduction in sperm number in the ␣␤ERKO male that is characteristic of that observed in age-matched ␣ERKO males. For control (c), ␣ERKO, and ␤ERKO, mice, n ϭ 4 animals analyzed; for ␣␤ERKO mice, n ϭ 5 animals analyzed. Scale bar, 100 m. ***ANOVA, P Ͻ 0.001.
